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ABSTRACT: Molybdenum disulfide (MoS2), a two-dimensional
(2D) material, promises better desalination efficiency, benefiting
from the small diffusion length. While the monolayer nanoporous
MoS2 membrane has great potential in the reverse osmosis (RO)
desalination membrane, multilayer MoS2 membranes are more
feasible to synthesize and economical than the monolayer MoS2
membrane. Building on the monolayer MoS2 membrane knowl-
edge, the effects of the multilayer MoS2 membrane in water
desalination were explored, and the results showed that increasing
the pore size from 3 to 6 Å resulted in higher permeability but with
lower salt rejection. The salt rejection increases from 85% in a
monolayer MoS2 membrane to about 98% in a trilayer MoS2
membrane. When averaged over all three types of membranes
studied, the ions rejection follows the trend of trilayer > bilayer > monolayer. Besides, a narrow layer separation was found to play an
important role in the successful rejection of salt ions in bilayer and trilayer membranes. This study aims to provide a collective
understanding of this high permiselective MoS2 membrane’s realization for water desalination, and the findings showed that the
water permeability of the MoS2 monolayer membrane was in the order of magnitude greater than that of the conventional RO
membrane and the nanoporous MoS2 membrane can have an important place in the purification of water.
■ INTRODUCTION
The growing reduction in water supplies driven by increasing
population, climate change, and industrialization calls for the
development of new technologies that will reduce the cost of
producing freshwater to meet future needs.1 Water and energy
are central to societal growth, and both are under increasing
stress.2,3 Although water covers about 75% of the earth’s
surface,4,5 97.5% of this world’s water is saline,6,7 leaving
merely 2.5% available for human consumption and industrial
and agricultural needs. Thus, to mitigate these climate change
and related side effects there is the demand for new strategies
to boost desalination efficiency by introducing cost-effective
and energy-efficient membrane materials.8,9
Desalination holds an attractive opportunity to boost the
present natural hydrology cycle by bringing in ocean water and
brackish reservoirs to address this increasing freshwater
demand. Overall, as it stands, only a small percentage of the
world’s potable water is from desalination.10 In the current
commercial desalination system, reverse osmosis (RO) is the
most widely used technology, but it still suffers from significant
constraints.9,11−15 For example, the commonly used aromatic
polyamide (PA) and polymeric thin-film composite (TFC)
membranes in RO systems suffer from high energy
consumption, low flux, low salt rejection, and inferior fouling
resistance.16−20 These RO membranes contribute about 71%
of the total energy cost of the desalination process,13 and from
a practical point of view, improving permeability and selectivity
will minimize the operational and capital cost of RO
operations. Therefore, a change in RO membrane technology
is necessary for desalination to meet the water challenges of the
21st century, specifically to provide higher performance and
lower energy cost to maximize the water−energy nexus.21
Two-dimensional (2D) materials, such as graphene and
MoS2, have stood out in the past decade for water cleaning due
to their high permeability and good sieving properties.22
Because of its atomic thickness, mechanical strength,
scalability, and large surface area, MoS2 and other 2D materials
are promising candidates for such applications.23 They have
capacity for higher water permeability with extremely narrow
thickness (a few angstroms), benefiting from the small
diffusion length for molecular transport, and mechanical
Received: March 14, 2021
Revised: May 18, 2021
Published: May 28, 2021
Articlepubs.acs.org/Langmuir
© 2021 American Chemical Society
7127
https://doi.org/10.1021/acs.langmuir.1c00708


































































































flexibilities also give the benefit of membrane integration.24
More research has been on graphene because of several
advantages such as its light weight and strength, chemical
resistance, biofouling resistance, hydrophilicity, and mechan-
ical and thermal properties, which have found various
applications.10,11,25−31 However, it has some drawbacks such
as the swelling of the graphene membrane, which compromises
the selectivity, lower water transportation due to the frictional
interactions between the graphene surface functional groups
and water, and then the limited lifespan due to efficacy loss and
mechanical failure as a result of the swelling.32 It is challenging
to achieve high flux and rejection simultaneously since these
properties in typical artificial membranes are mutually
exclusive.33 MoS2, on the other hand, promises better stability
in an aqueous solution and better energy efficiency in
desalination.34−37 In comparing the energy efficiency of some
2D materials in relation to water permeability and selectivity,
single-layer MoS2 performed better than graphene, phosphor-
ene, boron nitride (BN), and MoSe2. The performance, which
is in the order of MoS2 > MoSe2 > graphene > BN >
phosphorene, was attributed to the water structure and the
dynamics of the membrane surface, the energy barrier, the
water packing, and the velocity at the nanopore.34 In view of
these attributes, we have carried out further studies on MoS2
materials. Multilayer MoS2 offers promise as a material that can
be more efficiently and economically synthesized than a single-
layer MoS2. The implications of these effects on the
performance of RO systems are largely unknown. It is largely
unknown if the material will still hold its ultrahigh water
permeability when no longer used as single atomic layer MoS2.
Furthermore, it is not clear if the added thickness would allow
transport across multilayer MoS2 equivalent to transport across
polymer membranes: does the water and ion transport across
multilayer MoS2 mimic transport across monolayer MoS2 or
across TFC membranes? Thus, we studied the effects of more
MoS2 layers on the output of the RO membrane, with the
intent that the transition from a monolayer to more layers will
give insight into the effects of adding more layers to the MoS2
membrane. We studied the relationship of the material’s
structure in relation to vacancies formed and the permeation
trajectory using the density functional theory (DFT). We also
investigated this material using molecular dynamics (MD), as a
function of the pore size, chemistry on the water flux, and the
geometry and ion permeation as a function of applied
hydrostatic pressure. We also looked at the multilayer effects,
porosity, and temperature as all these factors affect water
permeability and selectivity.
■ METHODS
DFT. In this section, the DFT calculations were done using the
plane-wave basis set as implemented in the CASTEP (Cambridge
Serial Total Energy Package), a Materials Studio suite.38 Ultrasoft
pseudopotentials were used to describe the interactions between ionic
and valence electrons. The general gradient approximation functional
by Perdew, Burke, and Ernzerhof (GGA-PBE) was adopted for the
exchange-correlation energy.39 Because the GGA functionals are
insufficient in describing dispersion or van der Waals (vdW) effects,
the dispersion-corrected calculations were performed by adopting the
Tkatchenko and Scheffler method (TS−vdW).40 The plane-wave
cutoff energy was set at 670 eV. Brillouin zone integrations were
sampled with a Monkhorst−Pack k-point grid of 12 × 12 × 1, which
is suitable for the system’s hexagonal symmetry. The self-consistent
field (SCF) has a threshold convergence of 5.0 × 10−7 eV/atom and
forces of 0.02 eV/Å.
Structure Model. The MoS2 monolayer is modeled with a 15-
atom unit cell and a 20 Å vacuum to avoid periodic images’
interactions. The 2D MoS2 basal plane comprises two hexagonal
planes of sulfur atoms (S) and an intercalated hexagonal plane of Mo
atoms bonded to the S atoms in a prismatic trigonal arrangement. A 5
× 5 × 1 supercell is used for all calculations. Six types of pore
vacancies investigated in this study are presented in Figure 1. These
are (a) pristine MoS2 monolayer lattice (PL) structure, (b) one-
molybdenum vacancy (VMo) structure, (c) one-sulfur vacancy (VS)
structure, (d) MoS vacancy (VMoS) structure, (e) MoS2 vacancy
(VMoS2) structure, and (f) double-MoS2 vacancy (Vdi‑MoS2) structure.
Permeation Trajectory. Several MD simulation studies have
provided the understanding of pore size and functionalization effects
on nanoporous water purification performance using 2D materi-
Figure 1. Top view of the monolayer MoS2 atomic configuration: (a) pristine MoS2 monolayer lattice (PL) structure, (b) one-molybdenum
vacancy (VMo) structure, (c) one-sulfur vacancy (VS) structure, (d) MoS vacancy (VMoS) structure, (e) MoS2 vacancy (VMoS2) structure, and (f)
double-MoS2 vacancy (Vdi‑MoS2) structure.
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als.4,5,41 However, there are still limited studies on the effects of atoms
at the edges and functional groups at the pore on the rotational
motion and the translational motion of water. Insight into these
atomistic behaviors is important because of these reasons: (1)
Reactive interactions with edge atoms affect permeation rates. (2)
Accurate energy barrier calculation requires the establishment of an
accurate molecular trajectory determined mainly by the dispersion
interactions at the porous interface. (3) The permeation and
transportation of water molecules in the gas phase, in addition to
the liquid phase, are particularly of interest for thermal desalination
applications. Density functional theory has emerged as a useful tool
for exploring these atomistic properties.
The permeation trajectory was studied using the coordinate driving
method similar to the method described by Kim and Lim.23 First, the
system was relaxed with water molecules placed at a discrete z-
position. The water molecule is then slowly shifted within the z-
direction through the pore on the MoS2 monolayer. The starting and
final positions for the molecule are 3 Å above and below the
monolayer, respectively. Climbing-image nudged elastic band (CI-
NEB) calculations were afterward employed using the fully relaxed
configurations obtained from the coordinate driving method and used
as the starting and ending images for the trajectory.
Molecular Dynamics. MD simulations were performed using the
reactive force field (ReaxFF)42 and Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS).43 The reverse osmosis
system was modeled using Packmol,44 while the open visualization
tool (OVITO)45 and visual molecular dynamics (VMD)46 were used
for visualization and some analysis. As shown in Figure 2, the
simulation box contains 5200 water molecules and 50 Na+ and Cl−
ions each. The system consists of a MoS2 sheet, which acts as the
piston to exert pressure on the ions and water molecules, forcing the
permeate through the pores in the second MoS2 sheet, which acts as
the membrane. The saline water was placed in between two MoS2
sheets. The pores were created by drilling holes through the
membrane that can be achieved experimentally by ion bombardment
to create the isolated defects or chemical etching and ion irradiation.22
The dimension of the MoS2 sheet is 64 Å × 48 Å, and the dimension
of the simulation box is 64 Å × 48 Å × 130 Å in the x-, y-, and z-
directions, respectively. Periodic boundary conditions were applied in
all directions. The water molecules and ions for the simulations were
added using VMD46 and TopoTools,47 while the MoS2 membrane
sheets were created using Materials Project48 and Visualization for
Electronic and Structural Analysis (VESTA).49 External pressure was
applied to the water molecules in the z-direction to create the
required pressure drop. This value ranges from 5 to 50 MPa, and it








where F is the force, ΔP is the applied pressure, A is the area of the
piston, and n is the number of water molecules. The pore diameter
was varied from 3 to 6 Å to observe the permeability, selectivity, and
flux rate through the membrane. The temperature was varied from
273 to 398 K to study its effect on desalination. The TIP3P water
model was adopted for the solvent. The NVT ensemble was used at a
1 fs time step. The fix shake was used to maintain the rigidity of the
water. The mixing rule was used for the nonbonded interactions. The
Lennard-Jones (LJ) cutoff distance was 10 Å, and the periodic
boundary condition was applied in all directions. The total interaction
between water and MoS2 is given by
Δ = − −−E E E EMoS water MoS water2 2 (2)
where the total energy of interaction is ΔE and EMoS2−water is the
energy of the MoS2−water system together. The energies of MoS2
and the water molecules are EMoS2 and Ewater, respectively.
The atomic species were modeled using the LJ and Coulombic





























where ε and σ are the well depth of the potential between any two
atoms and the distance between any two atoms. The charges of the
two atoms i and j are qiqj, r is the distance between atoms i and j, and
εd is the dielectric constant. The LJ parameters used for the
interaction potentials are shown in Table S1.
■ RESULTS AND DISCUSSION
Structural Properties. Using DFT, total structural
relaxations were performed on all models to determine the
equilibrium lattice constants. The calculated lattice constant
for pristine MoS2 is 3.184 Å with a Mo−S bond length of 2.412
Å. The results correlate with other theoretical studies and are
within 1% of the experimental value for the lattice constant and
Mo−S bond length, 3.162 and 2.415 Å, respectively. The effect
of vacancy formation on structural properties was investigated
by optimizing structures with vacancy defects and recording
the changes in equilibrium lattice constant and Mo−S bond
lengths after each vacancy was introduced. Although the
vacancies did not affect the lattice constant, significant changes
were observed on the Mo−S bond lengths between neighbor
atoms where the vacancies were formed. The variations in
bond lengths and energies of formation are presented in Table
S2.
The vacancy energy of formation, EF, was calculated as
Figure 2. Schematic representation of the MoS2 reverse osmosis (RO) system.
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where Ev is the total energy of the MoS2 monolayer with
different vacancies, Epristine is the pristine structure total energy,
nMo and nS are the number of Mo and S vacancies, and EMo and
ES are the energies of an isolated Mo and S atom, respectively.
As shown in Table S2, the single sulfur vacancy MoS2
structure has the lowest vacancy energy of formation among
the five different pore vacancies. The double MoS2 vacancy
requires the largest energy to form. The energy of formation of
the single S vacancy in monolayer MoS2 is 5.81 eV. This is
comparable with values reported in previous literature for a
single S vacancy in monolayer MoS2 monolayer of 5.75,
50
5.85,51 and 6.56 eV,52 respectively.
To gain further insight, DFT calculations were performed
for the water permeation energy. Single water molecule
permeation through one MoS2 monolayer was simulated, and
the barrier energies were calculated. Figure S1 illustrates the
interactions between the water molecule and the MoS vacancy
membrane. The energy of interaction between the monolayer
MoS2 and the water molecule is defined as the energy change
as the system goes from an isolated monolayer and water
molecule to a combined system interacting at a given distance
from each other.
= − −E E E Eint H O/MoS MoS H O2 2 2 2 (5)
The adsorption energy, Eads, is given by the local minima of the
energy of interaction. Therefore, the energy barrier23,53 was
obtained as
= −‐E E Eb in pore ads (6)
where Ein‑pore is the energy of interaction in the in-pore
structure which corresponds to the peak of the energy of
interaction.
The MD simulations in the coming sections will provide a
more detailed evaluation of the actual permeation rates by
taking into account the entropic effects of different parameters
such as temperature and pressure; however, the barrier energy
calculated using eq 6 above provides good predictions of the
energetics associated with the permeation process.53 The
calculated barrier energies are reported in Table S3. The
barrier energy was calculated for all four pores generated by
removing double S atoms, a single Mo atom, MoS, and MoS2.
Only the data for the pore-inducing vacancies are thus
reported. The MoS vacancy has the smallest H2O permeation
energy barrier of 0.76 eV, followed by the double S vacancy. As
observed, the permeation increases with increasing pore size.
Although the MoS2 vacancy is expected to have the largest
pore size, it was observed that the molecule caves in and draws
together after structural optimization, which significantly
reduces the pore size.
On the other hand, the Mo vacancy resulted in dangling S
atoms which caused steric hindrance, reactive interactions, and
affected the permeation of the introduced water molecule. This
resulted in values that are not feasible for permeation at normal
operating conditions. Overall, the demonstrated results
corroborate the conclusions established in previous literature
that the water permeance depends significantly on the pore
diameter. The kinetic diameter of water is approximately 2.64
Å; thus, all pore sizes which are equivalent or less than this
value are to be considered small.23 As demonstrated, relatively
small pore size and dangling pore atoms’ reactivity will result in
a large steric hindrance for both the membranes with Mo and
MoS2 vacancies.
From the CI-NEB calculations, the low energy barrier could
also be attributed to the rotation of the H2O molecule as it
approaches the pore. In all calculations, the water molecule
rotates vertically as it approaches the pore despite the stable
configuration below and above the member being horizontal.
The rotation decreases steric hindrance effects which could
result from the hydrogen atoms interacting with nearby edge
atoms and, in turn, reduces the barrier energy. However, for
the smaller-sized vacancies some interactions between the
molecule and the membrane are observed which explains the
differences in barrier energy between different vacancies. The
minimum energy permeation trajectory of the membrane
illustrating the H2O rotation as it crosses the pore is presented
in Figure 3 for the MoS vacancy.
Water Flux. Nanoporous materials have well-defined pore
sizes of 1 nm or less. This has a greater promise than the
existing TFC membrane in RO systems. In TFC RO
membranes, water transportation is through a diffusion
model solution. In the process, the water dissolves into the
Figure 3. Minimum energy trajectory for the permeation of one water molecule at three different positions: in front, at the pore, and below the
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active layer of the membrane and is transported to the
permeate side, diffusing into a gradient concentration. The
active TFC membrane is 1000 times thicker than the water
molecule,54 thus impacting permeability inevitably. Increased
membrane permeability would reduce the energy consumption
of the RO process.
We determined the number of water molecules on the feed
side for each run as a function of time, as shown in Figure 4a.
The applied hydrostatic pressure varies between 10 and 20
MPa.
The water flow rate per pore was calculated from the slope
of the number of water molecules that permeated the MoS2
membrane from t0 to tf, where t0 is the initial time and tf is the
final time of the simulation. The flow rate profiles demonstrate
that the amount of water molecules flowing through the pore is
also increasing as the membrane’s pore size increases. The
finding demonstrated that the water flux scales linearly with the
pressure applied. Figure 4a shows that the low-pressure (0
MPa < P < 20 MPa) data tends to scale linearly with P. The
trajectory starts with a linear regime in each of the water
profiles in which the water flow is at a constant rate. This
action indicates the finite size of the simulation box. The
nonlinear relationship between the pore region and the water
flux for smaller pore size is observed for comparison Figure 4b.
Water molecules are unable to pass through smaller pores
freely, and thus fewer water molecules permeation has been
found along the trajectory.
Salt Rejection. The effectiveness of salt rejection is one of
the main factors in the performance of a membrane. The
percentage of total ions rejected by the MoS2 pores is plotted
as a function of the monolayer membrane’s different pore sizes.












where Cp is the salt concentration of the permeate and that of
the feed solution is CF, which were used in getting the salt
rejection for the systems under consideration. The salt
rejection was calculated from permeate solution salinity at
the time when half the water from the feed has flowed to the
permeate side. A perfect salt rejection system will yield 100%,
which means the permeate salinity is zero, while a membrane
with 0% rejections means the salinity of the permeate is the
same as the feed initial salinity. Rejection of salt was
determined for all pore sizes after simulation. The pore sizes
considered are within the range of 3−7 Å. On the basis of the
calculated salt rejection results at different pressures, the salt
rejection of all pores of the MoS2 membrane at P < 20 MPa
was approximately 85% and above.
Water molecules and ions with the radial velocity at
boundary layers at the membranes’ pores will escape through
the opening pore when they are close to the pore entrance.55
Every hydrated ion experiences a force F = AP at the
opening of the nanopore, where A is the hydrated ion’s
effective area and is equal to A = πd
4
2
; d is the hydrated ion’s
pore diameter, and P is the internal pressure inside the feed
solution. If these ions are not oriented to the pore’s opening, it
takes an infinite amount of time to coordinate so that it can
pass the opening. According to Zhang et al.,55 the time can be
determined using the radial acceleration of the ions using







P is the internal pressure, m is the mass of the hydrated ions,
and d is the pore’s diameter. The particle’s penetration distance





δp is the membrane effective thickness and tp is the time
needed for the ions to penetrate through the pore. From eq 8,
it was observed that higher hydrated mass would result in
lower acceleration, resulting in longer penetration time, which
was observed with Cl and Na ions. The Cl mass (35.45 u) is
smaller than the Na mass (22.99 u), so we have a greater
proportion of sodium rejection than chlorine. Salt ions have a
larger effective volume in solution compared to water
molecules because of the hydration shell. Bear in mind that
the Cl− (0.664 nm) and Na+ (0.716 nm) diameters are greater
than the pore size of the MoS2 membrane. Because of these
hydrated structures, greater diameters of ions are formed that
block the ions from moving through the pores. Differences in
the size and hydrophobicity of the molecules result in varying
rejection rates. Figure S2 illustrates the hydrated ions and the
Figure 4. (a) Number of filtered water molecules as a function of the simulation time. The filtered water is a function of the pressure applied; as the
pressure applied to the solution increases, the number of filtered water molecules also increases until the system is depleted. (b). The number of
filtered water molecules as a function of the simulation time. The filtered water is dependent on the size of the pore; as the pore sizes increase, the
number of filtered water molecules also increases.
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ions movement through the nanopores, giving more insight
into the size exclusion effects.
To overcome the typical osmotic pressure, reverse osmosis
technology requires applying pressure to the feedwater. The
pressure of the feedwater affects the water flux and ions
rejection of RO membranes. At higher pressures, the
percentage rejection of ions decreases as high pressures create
higher stresses on the ions, allowing them to cross the
dielectric and entropic barrier at the pore entry. With increased
applied pressure and pore size, the salt rejection declines. As
higher pressure is applied, Na+ and Cl− ions escape through
the pore, thus reducing the potential for salt rejection. This is
because the higher pressure added helps to distort and expand
the pore size and causes the pore to push through the hydrated
ions resulting in more ion translocation, as shown in Figure 5.
The rejection increases as N (the size or thickness of the
nanolayers) increases. To provide further insight into the salt
rejection, bilayer and trilayer MoS2 membranes were
generated, and the rejection was found to be around 95−
98% for the pore sizes (3−6 Å) considered. The percentage
rejection increases as N increases. In previous literature,
multilayer graphene membranes are more hydrophobic than
single-layer graphene, which are important in attracting the
ions, thus increasing the salt rejection.56,57 Details of the
findings are provided in Table 1. The same trend was also
observed for the temperature range (273−398 K) and at
different pressures. However, the rejection efficiency decreases
as the temperature and pressure increase. Just as in graphene,
whose hydrophobicity decreases with increasing layers,58 MoS2
was observed to exhibit a similar trend. From the results
obtained, we found out that the small narrow layers between
the MoS2 membrane layers play an important active role in the
salt ions rejection in the bilayer and trilayer MoS2 even for a
pore diameter as large as 7 Å. To summarize, the ion rejection
follows the pattern of trilayer > bilayer > monolayer over all
three membrane types studied, which is predicted because
NaCl is hydrophilic and has high free energy penalties from
losing contact with water.
Porosity. Porosity is defined as the ratio of the pore area to
the area of the membrane.
The effective porosity (φ) is given by eq 10:
φ = a
A (10)
where a is the pore area and A is the membrane area
The required permeability and selectivity can be obtained by
adjusting the pore size and membrane porosity.55 In a porous
membrane for desalination, the porosity is proportional to the
product of the squared pore radius rp by the surface porosity
ε.11,25,55 In order to analyze the effects of porosity on the
efficiency of the MoS2 membrane, the flow rate of water and
the salt rejection rate were plotted as shown in Figure 6. The
piston’s applied pressure remained constant at 12 MPa, and
the pore size kept constant at 4 Å, while the number of pores
in the membrane ranged from 1 to 5. The concentration of
feedwater remained constant for the different number of pores
examined.
From the results, higher porosity means more passageways
or room for more water molecules to pass through the
membrane pores. The salt rejection decreases from the
obtained data, while the water flux increases with an increase
in porosity, as is also predicted from the convectional
membrane. The rejection of solutes that are present in the
feedwater can be approximated by an empirical function which
is the ratio of the radius of the solute to the radius of the pore,
a/rp, with total rejection realized when rp ≤ a.11 We found that
the salt rejection efficiency improved to almost 100% when the
pore size was reduced to 3 Å, but the water flux decreases
significantly. However, there was greater flux when the pore
size was increased to 5 Å, but the selectivity decreased
dramatically, as seen in Figure 5. High porosity increases
membrane permeability and the membrane thermal resistance,
Figure 5. Percentage of salt rejection of different pore sizes of the
MoS2 membrane because of the pressure applied on the monolayer.
The result indicates that the salt rejection depends on the size of the
pore and the pressure applied.
Table 1. Percentage of Salt Rejection for the Monolayer,
Bilayer, and Trilayer MoS2 Membranes at a Pore Size of 4 Å,
Temperature of 298 K, and Pressure of 10 MPa
system water flux (N/ns) Na+ (%) Cl− (%)
monolayer 767.02 90.00 85.00
bilayer 604.71 95.00 95.00
trilayer 580.70 98.00 98.00
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thus improving both water flux and heat efficiency.59 However,
high-porosity membranes have poor mechanical strength and
might break or compress under moderate stress, resulting in
loss of membrane reliability. Higher porosity without
compromised mechanical strength is beneficial for membranes
in water desalination applications; therefore, there is the need
for balance between the membrane’s porosity and perform-
ance.
Temperature Effects on the Membrane. Several factors,
such as hydraulic pressure, osmotic pressure, temperature, and
feed crossflow rate, influence the membranes’ performance. To
gain insight into the membrane’s temperature effects, a
temperature range (273−398 K) was considered for this
study. As the temperature increases, so does the number of
water molecules filtered, indicating permeate flux is sensitive to
the feed temperature, as shown in Figure 7. This is due to the
decrease in the feed viscosity when there is a temperature
increase. At lower temperatures, the water molecules at the
feed have lower energy. This implies that they are more
densely packed together.
When the temperature was increased, the water molecules
gained more thermal energy, thus increasing the particles’
motion. The gain in thermal energy results in lower viscosity
and more freedom of movement, thus higher permeability.
Water permeability scales inversely with the number of layers,
and this theory is reinforced in the sense that, in traditional
membranes, the flux scales inversely with membrane thickness.
The results are that, to drive water through bilayer or trilayer
membranes, to bring about the same flux or permeability, more
energy is required to achieve that. Operating temperatures also
impact salt rejection.
As the temperature increases, a higher percentage of the
solutes passes through the membrane pores due to higher
diffusion rates. Although the membrane’s permeability
increases with higher temperatures, the osmotic pressure (the
pressure needed by translocating the clean water to remove the
salt through the semipermeable membrane) of seawater also
increases.
The dynamics of increasing the feed temperature to enhance
water permeability in water desalination need critical
consideration because such could increase energy cost,
although renewable energy could help mitigate such cost.
Multilayers Effects/Water Flux and Membrane Thick-
ness. There are approximately 500−1000 nanosheets in the
MoS2 membranes in the experiment,
60 which is impossible to
model due to computational costs. To investigate the impact of
multilayers (membrane thickness) on the MoS2 membrane, the
structure was maintained as the single layer, but the number of
layers was increased (N = 1−3), which represents the
monolayer, bilayer, and trilayer cases. The membrane thickness
was increased from the single layer (N = 1) with thickness of
about 3 Å to the trilayer (N = 3) with thickness of 9 Å. Figure
8 is the schematic representation of the bilayer and trilayer
MoS2 RO system. From the results obtained, the water flow
rate, which is the slope, decreases with an increase in the
number of membrane layers, although the percentage of
rejection increases with increased layers.
This was also established in some work,61,62 where the
percentage of rejection is shown to increase with layers. From
the findings, we can conclude that the flow rate is inversely
proportional to the thickness of the membrane, as is also the
case in laboratory experiments.63
Pressure influences the performance of the RO and the life
span of the RO membrane;57 thus, it is crucial to explore the
impact of the pressure on the performance of the multilayer
(bilayer and trilayer) MoS2 membranes. In this system, the
pressure was varied between 10 and 20 MPa and the number
of water molecules filtered in the process was obtained. The
slope, which represents the water flux of the water filtered, was
obtained and plotted against the applied pressure as seen in
Figure 9a. As seen from the graph, the monolayer MoS2
membrane has higher water flux than the bilayer and trilayer
MoS2 membranes. The greater the membrane structure’s
energy barrier (more layers in this case), the more energy is
needed for water molecules to navigate through the multilayer
porous MoS2 membranes, and the harder it is for water
molecules to pass through, hence the smaller membrane’s
water flux, and vice versa. It should be noted that the water
flow rate will be slowed down as the water molecules pass
through the various layers, as they will need to continually
change their orientation as they pass through the different
layers. It is also apparent that, with the rise in the number of
layers, the amount of water molecules flowing through the
membrane decreases, so the membrane water flux is decreased,
which lowers the RO efficiency of the nanoporous MoS2
membrane.
The relationship between the salt rejection of the nano-
porous multilayers MoS2 membrane and the applied pressure
was plotted. From the results obtained, we found out that the
small narrow layers between the MoS2 membrane layers play
an important active role in the salt ions rejection in the bilayer
and trilayer MoS2 even for bigger pore diameters as large as 7
Å.
An increase in membrane thickness affects heat and mass
transfer; this is evident from Figure 9b, where the water flux for
the monolayer is higher than that of both the bilayer and
trilayer. Increased feed temperature increases the interfacial
temperature adjacent to the membrane’s surface on the feed
side and thus minimizes temperature polarization.64 An
increase in the membrane thickness thus reduces the mass
transfer coefficient. A higher number of layers (membrane
thickness) renders a more extended passage of water
molecules. From Figure 9b, the water flux declines with the
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increase in the number of layers. As the temperature increases,
the water flux also increases, which is more evident in
monolayer MoS2. The energy barrier effect was stronger as the
water molecules pass through the trilayer MoS2 membrane,
which implies that more energy is required to cause water
permeation through the membrane. It should be noted that
decreasing the thickness (number of layers) of the MoS2
membrane greatly influences the water flux and permeabil-
ityit leads to increased water permeation; however, this also
brings in new barriers, which include fragile mechanical
properties, low salt rejection, which implies low selectivity,
and the need for substrates support, particularly in practical
application. We can conclude that resistance scales linearly
with membrane thickness and thin pores facilitate rapid
transport, while narrow passages restrict access to small naked
solutes, as also established in ref 65.
Ideally, to achieve the maximum desalination performance,
the membrane needs to be as thin as possible to maximize
water permeability and be selective and mechanically robust to
avoid membrane disintegration.28 Despite the substantial
advantages of the monolayer (smaller thickness which
increases water flux) MoS2 membrane, especially in terms of
water permeability established in publications,35 the manu-
facturing of defect-free, large-area monolayer MoS2 membranes
with controlled pore size and density at an industrial scale is
challenging. Multilayer MoS2 offers promise as a material that
can be more efficiently and economically synthesized than a
single-layer MoS2. Therefore, we have compared the
permeability of the monolayer, bilayer, and trilayer MoS2
membranes. The pore diameter was obtained using the
formula d = πA2 / for the open pore area measurement,
where the pore diameter is d and the pore area is A. The pore
region defines both the salt rejection capability and the water
flux of the nanoporous membranes.
For the systems under consideration, the permeability is
obtained using the formula32
Figure 8. Schematic representation of the bilayer and trilayer MoS2 RO systems.
Figure 9. (a) Water flux rate for the monolayer, bilayer, and trilayer membranes at different applied pressures. (b) Water flux rate for the
monolayer, bilayer, and trilayer MoS2 comparison at different temperatures.
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V is the permeate volume, t is the permeation time, A is the
effective membrane area, and ΔP is the pressure applied.
From Table S4, when the applied pressure increases, the
energy barrier decreases, leading to higher water permeability.
The energy barrier of both the bilayer and trilayer MoS2
membranes increases when the space between the membrane
layer increases, thus reducing the water flux. When the energy
barrier increases, the water flux decreases; in addition, when
the pore size increases for the different membranes’ types, the
water flux increases. However, this is with its consequences,
which are lower salt rejection. The energy barrier, which is
evident in a higher number of membranes, results in lower flux
but higher salt rejection. Figure S3 is the performance chart
comparison of the permeability and salt rejection of MoS2 with
other existing desalination technologies. Reducing the
separating layer’s thickness is an obvious technique for
increasing membrane permeability by offering shorter distances
for liquid transport.
As we look at the deficiencies of the current TFC and hope
to transition to 2D materials due to their potentials, it is
necessary to compare the transport in these systems. Table S5
presents the comparison of transport in multilayer MoS2 and
TFC membranes. In the TFC membrane, the water transport
is driven by the water concentration from upstream to
downstream in the membrane, while in some situations we
had similarities such as pore size and pore density, but when it
came to other critical parameters such as pressure effects and
salt rejection, essentially the membranes have different
behaviors because of the structure of these materials.
■ CONCLUSION
We researched the use of MoS2 nanoporous membrane for
water desalination in relation to pore size, applied pressure,
and temperature influence. The pore size considered a range of
3−6 Å, while the temperature was from 273 to 398 K.
Increasing the pore area results in higher permeability but with
lower salt rejection. When averaged over all three membrane
types studied, the ions rejection follows the trend of trilayer >
bilayer > monolayer, which is expected because NaCl is
hydrophilic and has high free energy penalties from losing
contact with water and the resistance from the layers. We find
that the thin, narrow layer separation plays an important role in
the successful rejection of salt ions in bilayers and trilayers. We
also found that the water flux are in folds higher for a
monolayer MoS2 than for the bilayer MoS2. Our findings
demonstrate that the operating temperatures affect the
desalination properties of MoS2 nanoporous membranes in a
significant measure. In addition, the findings provide insights
into engineering water desalination systems using 2D MoS2
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